Movements of the mandible have been shown to correlate with English speech rhythm, and significant differences have been found between native speakers' mandible movements and those of second-language speakers. A simple, inexpensive method of inferring movements of the mandible is to use video tracking of a chin marker during speech. However, since the skin is free to stretch over the mandible, inferences using the chin marker may not always be accurate. This study examines the degree of skin stretching during vowel production in 18 different CVC syllables (using 3 different stop consonants and 2 different vowels) spoken as the middle word in a 3-word utterance. We made electromagnetic articulometer (EMA) recordings of two North American English speakers (1 male, 1 female). The distance was measured between coils placed on the lower incisor and on the skin of the mental protruberance (chin). For both speakers, the distance significantly differed depending on the vowel. The onset C affected the distance for only the female speaker. The coda C did not significantly affect the distance for either speaker. These results need to be taken into account as we continue to develop a method for video recording jaw displacement patterns in running speech.
INTRODUCTION
Recent studies suggest that for American English speech, there is a direct relationship between the amount of jaw displacement and the rhythm. Sentence stress increases the amount of jaw opening, no matter what the vowel quality (Erickson, 2002 (Erickson, , 2003 . Jaw displacement is often measured using X-ray Microbeam or an electromagnetic articulometer (EMA); however, a simple, inexpensive method of inferring movements of the mandible is to use video tracking of a chin marker during speech. Such video recordings of jaw movement could provide larger databases for investigating the relationship between jaw and spoken rhythm. Also, if a measurement system using video were proven to be reliable, such a system would be useful for providing articulatory feedback to second language (L2) learners of English.
One potential problem with video tracking of a chin marker, however, is that it records skin movement, not necessarily mandible movement. Since the skin stretches over the mandible during production of some speech sounds, especially labial consonants, one must exercise caution when inferring mandible movement from the position of a marker on the chin. However, since it is vowel sounds that we are interested in when looking at the relationship between jaw displacement and rhythm, if skin stretching is insignificant during vowels, then we can reliably infer mandible position based on a marker on the skin. Due to coarticulation, though, it is possible that neighboring (onset/coda) consonants could affect the degree of skin stretching during vowel production in a CVC syllable. A recent video study (Abe et al., 2012) compared syllable nucleus in CVC syllables with and without labial onset consonants, and results indicated no significant differences in chin marker displacement between these. However, Abe et al. (2012) only looked at a limited number of onset-coda consonant combinations, and since they used only video tracking, no firm conclusion can be drawn about the degree of skin stretching over the mandible.
This current paper is an investigation of the effect of consonant periphery on skin stretching over the mandible during the syllable nucleus. Specifically, we look at CVC syllables that occur as the second word of a three-word carrier sentence, where the vowel is either [ae] or [ɪ] and the onset and coda consonants are the stops [k, p, t].
METHOD Data Collection
Articulatory movement and acoustic speech data were recorded simultaneously for two North American English speakers (1 male Canadian, 1 female American) using 3D EMA (Carstens AG500) at the Japan Advanced Institute of Science and Technology (JAIST), Ishikawa Prefecture, Japan. One sensor was placed on the lower medial incisors to track jaw motion and another one on the skin of the mental protruberance to track chin (skin) movement. If the skin were completely fixed to the mandible, the distance between these two sensors would never change (assuming accurate tracking). Four additional sensors (upper incisors, bridge of the nose, left and right mastoid processes behind the ears) were used as references to correct for head movement. The articulatory and acoustic data were digitized at sampling rates of 200 Hz and 16 kHz, respectively.
The occlusal plane was estimated for these subjects using a biteplate with three additional sensors. In postprocessing, the articulatory data were rotated to the occlusal plane and corrected for head movement using the reference sensors after low-pass filtering at 20 Hz.
Stimuli
The utterances examined in this study were consonant-vowel-consonant (CVC) syllables in 3-word sentences, with the target CVC word in middle position. The sentences were "Type CVC first" (spoken by the female speaker) and "Say CVC now" (spoken by the male speaker). The vowels were the two front vowels [ae] and [ɪ] . The consonants were the stops [p, t, k], with 9 possible combinations of onset and coda consonants. The carrier phrase was spoken as one phrase with a consistent intonation pattern having nuclear stress on the final word. The total number of utterances was 2 vowels x 9 consonant combinations x 1 position in the phrase x 6 randomizations (108 utterances). 
Articulatory Data Analysis
The maximum displacement of the jaw in the vertical direction (during the CVC syllable) was measured for each CVC word, using the custom software mview (Haskins Laboratories). The lowest vertical position (maximum displacement) of the jaw with respect to the bite plane was located for each target CVC syllable of each utterance using a velocity-based criterion for determining initiation and termination of gestures relative to the syllable. The distance between the lower incisor sensor and the chin sensor was then calculated by taking the difference between the z-coordinates of these two sensors.
Statistical Analysis
Statistical analyses (one-way ANOVA) were performed using SPSS software. As the two speakers had different sized faces and were about 20 years apart in age (thus, possibly had different skin elasticity), the analyses were done on each speaker's data separately.
RESULTS
The results of statistical analyses can be seen in Table 2 . For both speakers, there was a significant effect between each onset consonant on the skin stretching across the mandible for a following vowel (but the effect was borderline significant for the male speaker). For both speakers, there was a significant effect between the vowels as well. However, there was no significant effect between the effects of coda consonants on the skin stretching for the preceding vowel.
In the case of the vowel differences, for the male speaker, the mean distance between the sensors for In the case of the onset consonant differences, for the male speaker, the greatest distance between sensors during the following vowel was for [p] onset, then [t] onset, then [k] onset, but in post-hoc tests none of these differences were significant. For the female speaker, though, the greatest distance between sensors during the following vowel was for [t] 
CONCLUSION
Significant differences in degree of skin stretching over the mandible were found during the syllable nucleus due to vowel quality (i.e., skin stretching farther down for [ae] compared to [ɪ] ). For one of the two speakers, there was a significant effect of onset consonant on the distance between the lower incisor and chin coils during the syllable nucleus. However, for both speakers, there was no effect of the coda consonant on the distance between the lower incisor and chin coils during the syllable nucleus. These results need to be taken into account as we continue to develop a method for video recording jaw displacement patterns in running speech.
